Abstract -Many studies have been undertaken in rodents to study the pathogenesis of transmissible spongiform encephalopathies (TSE). Only a few studies have focused on the pathogenesis of bovine spongiform encephalopathy (BSE) and scrapie in their natural hosts. In this review, we summarize the most recent insights into the pathogenesis of BSE and scrapie starting from the initial uptake of TSE agents and crossing of the gut epithelium. Following replication in the gut-associated lymphoid tissues (GALT), TSE agents spread to the enteric nervous system (ENS) of the gut. Infection is then carried through the efferent fibers of the post-ganglionic neurons of the parasympathetic and sympathetic nervous system to the pre-ganglionic neurons in the medulla oblongata of the brain and the thoracic segments of the spinal cord. The differences between the pathogenesis of BSE in cattle and scrapie in sheep are discussed as well as the possible existence of additional pathogenetic routes.
INTRODUCTION
Although scrapie has been known for decades, relatively little attention has been paid to it as a natural disease of sheep and goats mainly because the economical impact has been relatively small compared to other diseases in sheep. The occurrence of bovine spongiform encephalopathy (BSE) in cattle provided a new impetus to research into the transmissible spongiform encephalopathies (TSE) [70] . Not only was yet on the relationship between the susceptibility for scrapie and the PrP genotype of sheep. Nevertheless, they succeeded in providing the first insights into the pathogenesis of natural scrapie using the classical but cumbersome mouse bio-assay to detect scrapie infectivity. They showed that scrapie infectivity first accumulated in the lymphoid tissues of the alimentary tract before gaining access to other lymphoid tissues and finally the central nervous system [22, 23] . Led by these results, they postulated that the most likely way of infection of the central nervous system (CNS) was through blood, even though infectivity had never been detected in blood of sheep with natural scrapie.
Today, we know far more about scrapie susceptibility and its relationship with PrP genotype [5-7, 28, 29, 31, 40] . In addition, we now have many different techniques to detect PrP Sc as a marker for scrapie infectivity [37, 43, 46, 47, 52, 60] . In particular PrP Sc immunohistochemistry has been very useful in pathogenesis studies, as it offers the additional advantage of revealing the cellular and neuro-anatomical localization of PrP Sc in the tissues thereby providing valuable information on the neuroanatomical pathways.
Previous immunohistochemical studies on clinical cases of scrapie have given some clues about possible pathogenetic routes of the scrapie agent to the brain. For instance, it had been noted before that the dorsal motor nucleus of the nervus vagus (DMNV) was exceptionally heavily immunolabelled for PrP Sc compared to other neuro-anatomical nuclei [2, 64] . Moreover, in some early cases of scrapie the DMNV was sometimes found to be the only nucleus in the brain which was positive for PrP Sc . In conjunction with the discovery of PrP Sc in the enteric nervous system of sheep with scrapie, a possible pathogenetic route was postulated [66] . However, sequential time point studies in sheep and cattle were still required to finally resolve the important issues in the pathogenesis of TSE. In this review, we summarize the most recent results of the various pathogenesis studies of natural scrapie in sheep and BSE in cattle.
CROSSING THE MUCOSAL BARRIER
Infection of sheep and cattle by TSE agents occurs through the oral route although scarification of the skin and infection of (damaged) mucous membranes/conjunctiva are suggested as alternative routes of infection [45, 58, 61] . In scrapie, the infectious agent is present in the environment and taken up orally during grazing on scrapie contaminated pastures [8, 13, 14] . In the case of BSE in cattle, infection has occurred through feeding concentrates with meat and bone meal derived from BSE infected cattle [75] [76] [77] . It is still obscure how TSE agents cross the mucosal barrier after they are ingested but there are three possible ways (Fig. 1 ). The first is through the M-cells, a cell type present in the follicle-associated epithelium of the gut and tonsil which specializes in transport of macromolecules and particles across the epithelium [24] . It has been shown for prions, viruses (reovirus, poliovirus, and human immunodeficiency virus), and bacteria (Mycobacterium avium subsp. paratuberculosis, Salmonella species, Yersinia species Campylobacter jejuni, Vibrio cholerae, and Shigella flexneri) that M-cells can be used by pathogens to cross the mucosal barrier and gain access to the underlying tissues [48] . However, transport of TSE agents across the gut epithelium could also occur independent of M-cell transport. Digestive enzymes can break down the infectious agent into smaller molecules of PrP Sc or even into the protease resistant core of PrP Sc . Such smaller fragments can then form complexes with other proteins like ferritin and get endocytosed in vesicular structures by a ferritin dependent mechanism [44] . A third possible route could be through direct uptake by dendritic cells that can open up the tight junctions between epithelial cells and capture antigens by inserting their dendritic processes into the gut lumen [54, 55] . This had been demonstrated for bacteria but has yet to be shown for TSE agents.
INFECTION OF THE GUT-ASSOCIATED LYMPHOID TISSUES (GALT)
After crossing the mucosal barrier, infectivity and PrP Sc first accumulates in the Sc could be taken up as a complex with ferritin and transcytosed by intestinal epithelial cells through the ferritin pathway. Once the epithelium is crossed, the mucosal plexus of the ENS can get infected followed by neural spread to the submucosal plexus.
gut-associated lymphoid tissues (GALT) of the tonsil and the Peyer's patches in the intestines [2, 23, 68] . This initial accumulation in the GALT strongly favors the hypothesis of transport of TSE agents through M-cells because antigens that have been transcytosed by M-cells are actively transported from the basal side of the M-cells to the underlying GALT by either dendritic cells or macrophages.
The first immunohistochemical evidence of PrP Sc in the GALT consists of the intracellular accumulation within the tingible body macrophages (TBM) in the B-cell follicles. At a later stage, PrP Sc is also found on the plasmalemma of the follicular dendritic cells (FDC) in the germinal centres of the B-cell follicles [2, 35, 65, 67] . The replication of the TSE agents in the GALT is thought to be crucial to the further neuro-invasion as disease susceptibility is reduced in experimental animal models in which FDC function is impaired [10, 42] . However, absence of agent replication in the GALT does not fully prevent neuro-invasion. For instance in sheep of the VRQ/ARR PrP genotype (carrying both the VRQ allele associated with high scrapie susceptibility and the ARR allele associated with high scrapie resistance) there is minimal or no involvement of the lymphoid tissues in agent replication [65] . However, these sheep do get natural scrapie, albeit at an older age [7] . In addition, they can be experimentally infected when the oral dose of scrapie agent is high enough 1 . In cattle, replication of the BSE agent in the lymphoid tissues is minimal to absent.
In naturally infected BSE cases no PrP
Sc has been detected in the lymphoid system [32, 63] , while infectivity could only be demonstrated in the Peyer's patches of the ileum by bio-assay in highly BSE-sensitive transgenic mice carrying the bovine PrP allele (and not in non-transgenic mice) [11, 20] . In cattle experimentally infected with a high oral dose of BSE, infectivity was present in the ileum six months after oral infection [71, 73] and in the tonsil ten months after oral infection (the latter only detectable using the more sensitive bovine transgenic mouse and cattle bioassay) [16, 74] . In these animals PrP Sc was immunohistochemically detected in TBM of the ileal Peyer's patches but not in the tonsil [26, 63, 74] . Despite this apparently low involvement of the lymphoid system, neuroinvasion still occurs after a relatively long incubation period.
DRAINING TO THE GALT LYMPH NODES AND LYMPHATIC/HAEMATOGENIC DISSEMINATION
After replication in the GALT, the scrapie agent is drained to the GALT draining lymph nodes. This means that for the tonsil, TSE agents are drained to the retropharyngeal lymph node and for the Peyer's patches to the mesenteric lymph nodes [2, 68] . At this stage, PrP Sc can be detected immunohistochemically in cells in the subcapsular sinuses indicating to a cellular transport from the GALT to the GALT draining lymph nodes. In addition, PrP Sc can be seen to accumulate on FDC and in TBM of the lymphoid follicles in the cortex of the GALT lymph nodes. Surprisingly, no PrP Sc has ever been described in cells of the medullary sinuses although TSE agents are further disseminated from the GALT to other lymphoid tissues outside the GALT. It is still unknown whether this further dissemination of the scrapie agent through lymph and blood occurs by an active cellular transport, or in a free state possibly bound to some component in the lymph or blood plasma. Scrapie infectivity in blood has long been a subject of much debate. Many studies have failed to demonstrate scrapie infectivity in the blood or blood fractions [22, 23, 25] but, with the aid of recent more sensitive techniques, PrP Sc has been detected in blood of sheep with scrapie [33, 57] . Furthermore, sheep blood transfusion studies (which are basically intravenous sheep bio-assays) have shown that scrapie can be transmitted from a scrapie positive donor to a susceptible scrapie free recipient. This can be done with whole blood or, in the end stage of clinical scrapie, with buffy coat from the scrapie affected donor [30] . Scrapie infectivity in blood could be a feature throughout much of the course of the disease or it could be an intermittent or transient phenomenon.
In cattle with BSE, no other sites of agent replication or PrP Sc accumulation have been found in the lymphoid tissues apart from the GALT tissues of the Peyer's patches in the ileum and the tonsil of experimentally infected animals [11, 16, 20, 32, [72] [73] [74] . Infectivity is also not detectable in the blood of BSE affected cows with the mouse bio-assay [16, 72] . Even intracerebral inoculation of buffy coat from orally infected BSE donors into calves (cattle bio-assay) has failed to demonstrate BSE infectivity in this blood component 2 . This would indicate the absence of a lymphatic or haematogenic spread of BSE in cattle, which is in agreement with the lack of infectivity and PrP Sc in the non-GALT lymphoid tissues.
INFECTION OF THE ENTERIC NERVOUS SYSTEM
The first neural tissues in which PrP Sc can be demonstrated both in sheep scrapie and cattle BSE is the enteric nervous system (ENS) of the gut [2, 32, 67] . The ENS is the intramural nervous system of the gut and is composed of two major networks or plexuses which contain the neuronal cell bodies (also called ganglion cells) and their processes. These two major plexuses are the submucosal or Meissner's plexus located in the submucosa, and the myenteric or Auerbach's plexus located between the circular and longitudinal muscle layers (extending from the esophagus to the rectum) (Fig. 2) . In addition to these two major plexuses there are minor plexuses in the and sympathetic (shown on the right) innervation of the enteric nervous system (ENS). The cell bodies of the parasympathetic efferent nerve fibers are located in the dorsal motor nucleus of the vagus (DMNV) in the medulla oblongata (preganglionic) and in the enteric nervous system (ENS) within the gut wall (post-ganglionic); cell bodies of the sympathetic efferent nerve fibers are located in the intermediolateral column (IMLC) in the spinal cord (pre-ganglionic) and in the ganglion mesentericum cranialis/coeliacum (GMCC) (post-ganglionic). The afferent parasympathetic nerve fibers have cell bodies in the ganglion nodosum (GN) and terminate in the nucleus tractus solitarius (NTS). The cell bodies of the afferent sympathetic fibers are located in the ganglia spinalis (GS). Reproduced with permission from van Keulen et al. [67] . serosa, circular muscle layer, and in the mucosa that contain no or few ganglion cells but consist mainly of small nerve fibers [21] .
Infection of the ENS could theoretically take place at different levels (Fig. 1) . After crossing the mucosal barrier (either through M-cells or transepithelially), TSE agents can come into contact with the fine nerve fibers of the mucosal plexus of the ENS directly underneath the villous epithelium [34] . However, it is equally possible that TSE agents can infect the submucosal plexus of the ENS after they have been transported from the epithelium to the Peyer's patches in the submucosa. No direct nerve endings from the ENS have been demonstrated in/or around B-cell follicles of the Peyer's patches, but infection could occur through some other means of contact between the Peyer's patches and the ENS, either through active cell transport or drainage via lymph/tissue fluid. Neuro-invasion of the submucosal plexus of the ENS is probably facilitated by the replication of TSE agents in the neighbourhing Peyer's patches but is not a prerequisite for neuro-invasion as demonstrated in VRQ/ARR scrapie sheep and in BSE in cattle.
In a study of natural sheep scrapie, the duodenum and the ileum were identified as the initial sites of the gut ENS invasion [67] . The scrapie agent then spreads cranially and caudally within the ENS to involve other parts of the small intestine and at a later stage even the ENS of the esophagus, forestomachs, large intestine, and rectum (Fig. 3) .
INFECTION OF THE CENTRAL NERVOUS SYSTEM
Although the ENS is capable of functioning independently, it is modulated by the central nervous system (CNS) by means of the parasympathetic and sympathetic efferent nerves of the autonomic nervous system that are connected to the enteric plexi. The cell bodies of the preganglionic parasympathetic neurons are located in the DMNV in the medulla oblongata while the preganglionic sympathetic neurons lie within the intermediolateral column (IMLC) in the spinal cord (Fig. 2) [36] . After infection of the ENS, TSE agents ascends through these parasympathetic and sympathetic efferent neuronal pathways to the brain and (via the ganglion mesentericum craniale/coeliacum) to the spinal cord [26, 67] . Portal of entry of TSE agents in the brain is thus the DMNV in the medulla oblongata at the level of the obex and the IMLC in the thoracic segments of the spinal cord. From these sites in the CNS, infection spreads in both an ascending and descending direction to finally involve the entire neuraxis (Fig. 3) .
The observations of initial ENS infection and spread through autonomic efferent nerve fibers do not preclude other possible routes of neuro-invasion. Theoretically it is also possible that the scrapie agent travels to the CNS through other peripheral nerve endings originating from infected non-GALT lymphoid tissues. Another possible route to the CNS would be through haematogenic spread during the phase of scrapie infectivity in the blood. In a study of natural scrapie in VRQ/VRQ sheep, PrP Sc was found as amyloid within capillary endothelial cells in the hypothalamus at the age of 14 months, when PrP Sc within neurons and glial cells was still restricted to the DMNV in the medulla oblongata at the level of the obex, and in the IMLC in the thoracic segments of the spinal cord [67] . This form of PrP Sc deposition could indicate to a haematogenic infection of endothelial cells during scrapie infection, but is unlikely to play an important role in neuro-invasion. A useful model to study possible additional pathogenetic routes of the scrapie agent to the CNS is sheep carrying the VRQ/ARR genotype. As mentioned earlier these sheep can develop scrapie in the CNS without prior replication in the lymphoid tissues. Direct experimental inoculation of scrapie into various lymphoid tissues or directly into the bloodstream has not provided any indications yet as to the existence of additional neuro-invading routes (unpublished results).
SHEDDING OF THE INFECTIOUS AGENT
In BSE of cattle all the evidence indicates that under natural conditions the BSE agent does not spread horizontally into the environment by any secreta or excreta or vertically through maternal transmission; in other words for BSE cattle are a dead-end host [12, 78] . The cycle of infection that caused the BSE epidemic has been established through human intervention by the rendering of BSE-infected carcasses and feeding the produced meat and bone meal to cattle. Breaking this cycle has had a tremendous effect on the incidence of BSE which dramatically declined after banning meat and bone meal for the production of animal food.
Contrary to BSE in cattle, scrapie is an endemic disease meaning that the scrapie agent does transmit between sheep under natural conditions. Epidemiological studies suggest that the scrapie agent spreads horizontally either by direct contact between animals or through contamination of the environment. Despite the fact that infectivity has been never been found in any secreta or excreta of scrapie infected sheep (reviewed in [27] ), it does not exclude possible low levels of infectivity in milk, saliva, faeces, or urine of scrapieinfected sheep. PrP Sc detection in ectopic lymphoid tissue in the mammary gland [41] , in the renal papillae [59] , and in the salivary glands of scrapie-infected sheep [69] have raised questions about the possible role of milk, urine, and saliva in the transmission of scrapie.
There is less controversy about the role of the placenta in the transmission of scrapie.
Infectivity and PrP
Sc have been detected in the fetal part of the placenta [3, 8, 13, 39, 49, 51, 53, 56] which is shed after lambing. Infectivity is thus spread into the environment causing a rather efficient horizontal transmission to other sheep (or goats) with susceptible PrP genotypes. Offspring of scrapie-infected ewes is also most likely infected through horizontal transmission after birth rather than through vertical, in utero transmission [17] [18] [19] 27] . Recent studies have elucidated the mechanism involved in scrapie replication in the placenta [3] . PrP Sc only accumulates in the trophoblast cells of the chorionic epithelium (= the fetal part of the placenta) when there is a dissemination of the scrapie agent in the blood of a ewe. Hence, no PrP Sc accumulation could be found in placentae of fetuses carried by VRQ/ARR dams. In addition to the required infectivity in the blood of the dam, the PrP genotype of the fetus (and thus the PrP genotype of the fetal placenta/chorionic epithelium) must be of a susceptible PrP genotype. Only if both conditions are met, can the scrapie agent replicate in the fetal placenta [39] .
CONCLUSION
Over the last few years, more TSE research has focussed on sheep and cattle as the natural hosts of TSE. The pathogenesis of scrapie in sheep and BSE in cattle is more similar than first expected at least with respect to the crucial role that the sympathetic and parasympathetic efferent fibers of the autonomic nervous system play in the neural spread of TSE agents from the enteric nervous system to the brain and the spinal cord. However, with respect to the lymphatic spread of TSE agents there is an important difference between scrapie in sheep and BSE in cattle which accounts for the differences in transmission dynamics. In cattle with BSE the involvement of the lymphoid system is restricted to the GALT and no infectivity is spread into the environment, making cattle a dead-end host for BSE. In sheep with scrapie, however, haematogenic dissemination of the scrapie agent causes infection of all lymphoid tissues (except in the VRQ/ARR genotypes) as well as the fetal part of the placenta (only from lambs with a susceptible PrP genotype). When the placenta is shed after lambing, scrapie infectivity can spread into the environment thereby closing the circle of infection for scrapie as an endemic disease in sheep.
